Abstract-We demonstrate a full-fledged millimeter-wave graphene-based six-port receiver frontend at 90 GHz employing graphene power detectors. Exploiting the high responsivity and wide dynamic range reported for the state-of-the-art graphene field-effect transistors (GFETs), graphene power detectors are demonstrated beyond the maximum oscillation frequency, f max , of the graphene transistor. The proposed circuit is fabricated on thinned SiC substrate and its functionality is verified by demodulation of 10-Mbps ON-OFF keying (OOK) digitally modulated signal.
I. INTRODUCTION
G RAPHENE attracted great interest since 2004 after two physicists reported their observation of electric field effect in 2-D single carbon atom sheets [1] . Since then, the graphene research main concern is to develop electron devices, in particular transistors, to exploit the excellent electrical properties of graphene, such as high carrier mobility and saturation velocity [2] . Moreover, these superior electrical properties are substrate-independent. This feature enables the realization of high performance graphene-based circuits and systems not only on rigid substrates but also on low-cost and flexible substrates. In addition, graphene can be used as an add-on feature which can be added to other technology processes, such as CMOS. These advantages suggest high potential in many applications, such as flexible and medical electronics as well as communication systems for Internet of Things. On the other hand, a few graphene-based circuits have been reported demonstrating high frequency applications. This is due to the low maximum oscillation frequency, f max , reported for graphene field-effect transistors (GFETs). The maximum reported extrinsic value is 106 GHz [3] . In addition, the poor current saturation reported for GFETs limits the usage of the GFET as a transconductance device. Hence, most of the reported GFET-based circuits exploit the change in channel resistance (R ds ) with gate-source voltage rather than its transconductance (g m ). Examples are reported FET-resistive mixers in [4] - [7] , frequency multiplier in [8] , and power detectors in [9] and [10] . A graphene radio frequency (RF) receiver has been reported [11] at 4.3 GHz employing a three-stage GFET-based amplifier by using the last stage as a down-conversion mixer. In this receiver, the mixer conversion loss is partially compensated by the preceding two-stage amplifier. Hence, the frequency range for this receiver architecture is limited to f max of the available GFETs. Otherwise, the circuit will provide high loss, which in addition to the mixer conversion loss degrades the receiver sensitivity. Accordingly, the extension of this receiver configuration to millimeter-wave is not promising. In this letter, we adapt the receiver architecture to the available GFET devices to demonstrate, for the first time, a millimeter-wave graphene direct-conversion receiver frontend. The concept of the six-port wave-correlator is employed together with GFET-based power detectors to demonstrate a full-fledged fully integrated receiver frontends at 90 GHz on SiC substrate. The GFET-based power detectors provide excellent nonlinearity and responsivity beyond f max of the transistor. This, together with the custom-developed MMIC process, enables the realization of a six-port receiver at millimeter-wave frequencies. The circuit functionality is verified by demodulation of 10-Mbps ON-OFF keying (OOK) digitally modulated signal at 90 GHz.
II. SIX-PORT RECEIVER CONCEPT
The six-port receiver architecture has drawn a lot of attention for wideband, low-power, and low-cost applications [12] . The concept of operation is based on the linear addition of a complex-modulated input signal and a reference signal. The added signals are squared by a nonlinear element, such 1531-1309 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. as a power detector, and low-pass filtered to the baseband bandwidth. Introducing relative phase shifts of 0°, +90°, −90°, and 180°to the input paths of the six-port wave correlator, creates linear independent power measurements at the receiver outputs. Hence, the original quadrature components of the modulating signal, I and Q, are represented with four power detectors readings. Accordingly, a direct conversion receiver can be obtained by utilizing only one linear passive six-port junction and four power detectors. The dynamic range and the sensitivity of the used power detectors are crucial for the overall receiver performance. The proposed six-port receiver architecture is shown in Fig. 1 . It consists of three 90°hybrid couplers, one power splitter, and four graphene power detectors. Compared with other receiver architectures, the six-port receiver is of low complexity and requires only a reference local oscillator (LO) signal as an active high frequency component. A low-noise amplifier can be added in front of the six-port frontend to further improve receiver sensitivity and dynamic range [13] .
III. W-BAND SIX-PORT RECEIVER DESIGN

A. GFET-Based Power Detectors
Graphene transistors can be used as power detectors by exploiting the strong nonlinearity of the graphene channel resistance. Hence, the input-output square law behavior is obtained with respect to the gate voltage. This feature has been employed to obtain ultra-wideband detection with more than 40 dB of dynamic range and a detection responsivity of 33 V/W at 110 GHz [10] . It has also been reported that a power detector using a single GFET device can demodulate up to 4-Gb/s OOK signals at 96 GHz [9] . Compared with other technologies, a power detector using common-source MOS transistor provides limited dynamic range. This comes because the square-law regime is limited to the subthreshold biasing condition [14] . In the SiGe detector using a Schottky diode reported in [15] , the large junction resistance enables large voltage sensitivity. On the other hand, it sets an upper limit for the square-law region of the diode. Consequently, the dynamic range is limited to 25 dB. In the GFET implementation, leveraging the nonlinearity of the channel resistance together with the ambipolar property boosts the dynamic range of the GFET-based detectors. Accordingly, the power detector circuit configuration in Fig. 2(a) is designed employing a single GFET device and fabricated by hydrogen intercalated bilayer epitaxial-grown graphene on 100-μm SiC substrate. The input signal is fed to the GFET gate which is biased through an RF choke, while the dc output is extracted at the drain using a second RF choke. The measured detector responsivity is higher than 4 V/W up to 70 GHz for 0-V gate bias as shown in Fig. 2(b) . The input impedance of the power detector circuit is measured for different gate bias voltages at zero drain bias up to 50 GHz. A small-signal model of the input impedance is extracted from the measurement data as a series RLC network with C = 221 fF, L = 28.5 pH, and R = 16, 20.5, and 25.5 for gate bias 1, 0, and −1, respectively. The extracted model is used to simulate the input impedance up to 111 GHz as shown in Fig. 2(c) . This data is used to design the reactive input matching networks for the graphene power detectors. The matching networks are designed at 90 GHz and connected to the gate of the GFET power detector. This maximizes the power delivered to the GFETs and, accordingly, improves the receiver sensitivity. On the other hand, microstrip bandstop filters are used at the detector outputs to suppress any leakage of the W-band signals at the baseband outputs.
B. Six-Port Passive Junction Design and Measurements
A hybrid implementation is commonly used for the six-port junction to realize both couplers and power combiners as it provides low-loss and wideband operation. A hybrid passive six-port junction was designed using three identical Lange couplers and one Wilkinson power combiner. Fig. 3 shows a stand-alone test cells for the wideband Lange coupler, which provides quadrature outputs from 70 to 110 GHz. Two test cells are used for two-port S-parameter measurements such that the Lange coupler coupled and through outputs could be characterized. The phase measurements shown in Fig. 4 agree with the simulated values in the entire frequency band with a 3°discrepancy at 90 GHz, whereas the amplitude measurements have different trends compared with the simulations but with acceptable discrepancy of 1 dB at 90 GHz.
IV. MEASUREMENT RESULTS
The chip micrograph of the six-port receiver is shown in Fig. 5 , which illustrates different building blocks of the receiver and the GFET power detectors. Single-ended ground signal ground pads are used for feeding the input modulated signal as well as the LO reference signal, whereas a couple of differential ground signal ground signal ground pads is used to detect the baseband signal at the quadrature outputs, one dc pad is used to bias the gate of all GFET power detectors, concurrently. The measurement is carried out on wafer and the baseband signal is measured at one detector output as shown in Fig. 6 . The measurement results indicate successful demodulation of a 10-MHz OOK modulated input signal over the frequency range from 86 to 90 GHz. Detection responsivity of 2 V/W is obtained, which results in 2-mV maximum amplitude of the demodulated signal at the center frequency 90 GHz, where the circuit performance was optimized. The lower demodulated signal levels for frequencies below 90 GHz come mainly from the change of the detector responsivity across frequency. Further calibration of the six-port receiver might improve the voltage levels of the demodulated signal.
V. CONCLUSION We demonstrate for the first time a fully integrated fullfledged millimeter-wave graphene-based receiver frontend. The circuit is fabricated on thinned SiC substrate employing graphene power detectors and low-loss microstrip-based six-port junction. The proposed design approach helps to demonstrate the receiver circuit beyond f max of the GFETs and the functionality has been verified by the demodulation of an OOK modulated signal.
